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Highlights: 7 
• The hybrid pneumatic powertrain is an alternative solution for hybridization. 8 
• The main advantages are the low cost and the direct transmission of the torque. 9 
• The hybrid pneumatic powertrain suits for urban driving and mild hybridization. 10 
• An efficiency improvement of 50% is reached for urban driving and C Segment vehicle.  11 
• The CO2 emissions on the urban cycle are very low – only 51 g CO2/km. 12 
 13 
Abstract: 14 
The largest applied convertors in passenger cars are the internal combustion engines – gasoline, diesel, adapted 15 
also for operating on alternative fuels and hybrid modes. The number of components that are necessary to realize 16 
modern future propulsion system is inexorably increasing. The need for efficiency improvement of the vehicle 17 
energy system induces the search for an innovative methodology during the design process.  18 
In this article the compressed air is investigated as an innovative solution for hybridization of small gasoline 19 
engine. The combination of a conventional IC engine and a pneumatic short-term storage system is an interesting 20 
approach to achieve lower fuel consumption. Instead of using a battery, a hybrid pneumatic vehicle uses a robust 21 
and inexpensive air pressure tank for energy storage. The fuel consumption benefit of the hybrid air system is 22 
assessed and the vehicle usages leading to the maximal fuel consumption benefits of the hybrid pneumatic 23 
powertrain are investigated.  24 
The hybrid pneumatic concept is applied on a largely deployed C Segment commercial vehicle with 3 cylinder 25 
gasoline engine. The lowest fuel consumption results are investigated on the usage of this vehicle.  26 
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Nomenclature: 30 
CV Charge Valve 31 
CVT Continuously Variable Transmission 32 
HPE  Hybrid Pneumatic Engine 33 
HPP  Hybrid Pneumatic Powertrain 34 
ICE  Internal Combustion Engine 35 
MGB Manual Gear Box 36 
NA Natural Aspirated 37 
NEDC New European Driving Cycle 38 
1. Introduction:  39 
With the increasing trend of mobility of the human population, vehicles have to face the 40 
problem of primary energy resources scarcity. The vehicles need higher efficiency and better 41 
adaptation to the alternative energy sources [1]. The need to improve the efficiency of the 42 
vehicle energy system motivates the search for innovative solutions during the design process 43 
[2]. 44 
 45 
Figure 1 : Price vs CO2 emission of different hybridizations [3] 46 
The main way for vehicle efficiency improvement that the automotive industry takes in the 47 
moment is the electrification of the vehicle powertrains [4], [5]. The hybrid electric vehicles, 48 
with different degree of electrification of the powertrain proliferate. The introduction of the 49 
electric components in the powertrain leads to increased cost and mass of the vehicles. This is 50 
especially due to the relatively low energy density capacity of the high voltage battery. The 51 
best storage potential available in serial production is the Li- Ion battery with energy density 52 
of 90 Wh/kg [6]. The efficiency/cost balance of the thermal and hybrid electric vehicles is 53 
represented on Figure 1.  54 
One can see that there is a technological gap in the zone low CO2 emissions (below 90 g/km) 55 
and vehicle cost between 15000 and 25000 euros. 56 
This article proposes a modellization methodology, based on energy balance calculation, for 57 
design of an alternative low cost powertrain with mild hybridization.  58 
The best fuel consumption reduction is researched as alternative of the power boost of 59 
turbocharged four cylinder engines, highlighted by several researchers [7]. Other researchers 60 
[8] propose a hybrid pneumatic engine concept on 4 cylinders engine, with two air tanks and 61 
show experimental results with at least 70% of fuel improvement on stationary test bench 62 
conditions.  63 
In this article the efficiency concept is developed on a small 1.2 liter 3 cylinders natural 64 
aspirated gasoline engine, with just one compact air tank, and after the vehicle integration, the 65 
best customers’ usages are researched under dynamic conditions. The major contribution of 66 
the article is to bring a model that is used to estimate the fuel consumption benefit on a C- 67 
Segment Vehicle, which is one on the most popular categories of vehicles and targets the 68 
price zone.  69 
2. Pneumatic hybrid engine systems 70 
The combination of a conventional IC engine and a pneumatic short-term storage system is an 71 
interesting approach to achieve lower fuel consumption. Instead of using a battery, a hybrid 72 
pneumatic vehicle uses a robust and inexpensive air pressure tank for energy storage. The 73 
internal combustion engine is able to run in purely pneumatic modes, acting as a pneumatic 74 
pump or motor without fuel injection. The resulting concept is called Hybrid Pneumatic 75 
Engine (HPE) [6]. The concept appears in 1999 studied as new cycle opportunities for 76 
automotive engine [9]. Firstly, its efficiency estimations are done by simulations [10] and then 77 
the concept is realized for fuel reduction potential estimation [11]. Also different operations 78 
modes and possibilities to exploit the HPE for engine downsizing and “maximum torque at 79 
low rotation speed” are highlighted in [7]. An architecture using two air tanks is presented and 80 
explored on test bench in [8].  81 
The concept allows recuperating some of the energy that is otherwise lost when braking and 82 
the elimination of the most inefficient engine operating point is possible. Moreover, it is an 83 
ideally complements for a downsized or supercharged engine. Since the air is provided to the 84 
cylinder by a fully variable charge valve, the torque can be raised from idling to full load, 85 
from one engine cycle to the next i.e. in the shortest possible time. The hardware 86 
configuration necessary for a directly connected HPE includes an additional valve in the 87 
cylinder head, which is connected to the pressure tank. A fully variable actuation of the valve 88 
is mandatory (Figure 2). This valve is called charge valve (CV) and is the link between the 89 
cylinder and the air tank.  90 
  91 
Figure 2 : Schematic of concept [12] 92 
The precision and the dynamic performances of this charge valve are extremely important for 93 
the concept viability. The pneumatic energy needs to be conserved in the tank. So the number 94 
of parameters for accurate system modeling is increasing and an appropriated methodology is 95 
needed.  96 
The price vs CO2 emission balance of the standard way to reach mild hybridization by 97 
electrification is situated on Figure 1. The study presents the hybrid pneumatic concept and 98 
the simulation results of the efficiency improvement of a small gasoline engine, operating in 99 
hybrid pneumatic modes. The guide line of the study is to research the maximal efficiency 100 
improvement. The hybrid pneumatic gasoline powertrain is investigated on C- Segment 101 
commercial vehicle. The article proposes a modeling methodology, which considers all 102 
parameters for vehicle powertrain design. First simulations are applied on real vehicle and are 103 
proposed in this article. The simulation model is then the basis to study the optimal design 104 
configuration of the hybrid pneumatic powertrain as a function of the vehicle usage i.e, the 105 
vehicle driving cycles.  106 
Specific energy 107 
The energy stored in a pressure tank of fixed volume is the internal energy of the air contained 108 
in the tank. The maximum energy content is thus obtained at the maximum pressure level that 109 
the compression device used for pumping air into the tank can achieve. Since in an HPE the 110 
compression device is the engine used as pneumatic pump, the maximum tank pressure is 111 
generated by the engine compression ratio. According to Guzzella [6] the energy value of 112 
6.28 kJ/l results in compressed air. Compared to the energy density of the gasoline, the value 113 
is 5000 times smaller, so no interest for own vehicle propulsion is seen.  114 
This article examines a parallel thermal hybrid pneumatic powertrain (HPP). In comparison 115 
with the well-known hybrid electric powertrain, the HPP is relatively recent research 116 
presented in [6], [12]. The electric components of the hybrid electric powertrain, especially 117 
the high voltage battery are expensive and their production and end-of-life phases are not so 118 
environmentally friendly. Pneumatic powertrains are gaining interest as an alternative method 119 
for powertrain hybridization [13], as they offer potential alternative in the range of small – 120 
middle hybridization, to these drawbacks. The idea in the HPP is to use the engine cylinders 121 
and pistons to pump and receive air to and from the air tank. The pistons are recuperating or 122 
producing the force, transferred to the engine shaft. The HPP has two different energy sources 123 
and can be considered as simplified parallel hybrid, because only the engine shaft provides the 124 
link to the drive shaft (Figure 3).  125 
 126 
Figure 3 : Pneumatic hybrid powertrain with 3 cylinders engine 127 
In the literature the exploration of the compressed air storage is related to the fuel 128 
consumption improvement and the cost reduction for vehicle powertrain applications [14], 129 
[15]. Also the compressed air is an efficient technology for diesel engines operating strategies 130 
and low cost storage tanks, applied in the power generation domain [16], [17].  131 
Operating modes: 132 
Pneumatic engines can be used in four- and two-stroke cycles (Figure 4).  133 
 134 
Figure 4 : Principle of pneumatic hybridation [11] 135 
The compressed air can be used in two different ways. The first uses the air as assistance to 136 
the conventional combustion cycle. In the second one all fuel supply of the engine is cut off 137 
and the engine is powered by the compressed air alone. One distinguishes combustions modes 138 
and purely pneumatic modes, described below.  139 
1/ Combustion modes: 140 
• Conventional ICE mode: this is the main operating mode for HPE, based on Otto 141 
cycle 142 
• Pneumatic supercharged mode: for turbo compressed engines sudden increases of 143 
air demand can cause a turbocharger lag that the HPE can cover by injection of 144 
compressed air in the compression stroke.  145 
• Pneumatic undercharged mode: when the air tank pressure and torque demand are 146 
low, the excess air in the cylinder can be used to recharge the tank during the 147 
compression phase 148 
The last two modes are not used in this study.  149 
2/ Pneumatic modes: 150 
- Pneumatic motor mode: the compressed air is injected in the engine to generate 151 
torque. The CV timing controls the torque load (Figure 5).  152 
 153 
Figure 5 : P-V diagram of the pneumatic pump mode 154 
- Pneumatic pump mode: the air tank can be charged during braking using the pistons 155 
to pump the air back in the tank. The charge valve timing is controlling the braking 156 
torque. The highest braking load is achieved by closing the CV on the top dead center 157 
(Figure 6) 158 
 159 
Figure 6 : P-V diagram of the pneumatic motor mode 160 
3. Hybrid Pneumatic Powertrain concept and modellisation  161 
The hybrid pneumatic powertrain has 3 modes: thermal traction with torque generation in 162 
conventional combustion mode, pneumatic traction with torque generation in pneumatic 163 
motor mode, regenerative braking with torque recuperation in pneumatic pump mode. 164 
Unlike with the parallel thermal electric, the two energy sources never operate 165 
simultaneously. The modeled engine is a 1.2l NA gasoline engine, 60 kW, operating on 4 166 
strokes. Fuel is cut off during the pneumatic modes. No supercharging or undercharging 167 
modes are considered. For low complexity and low cost reasons, the mechanical valve train 168 
from the original engine is conserved and the CV is assumed to be electromagnetic. The 169 
hybrid pneumatic gasoline engine is integrated in a C- Segment vehicle. To give flexibility of 170 
the model for optimization approaches, the original manual gear box (MGB) is replaced by a 171 
continuously variable transmission (CVT). The advantage of the CVT is to adapt the gear 172 
ratio to any drive cycle and additional modeled technology – for example a utility for waste 173 
heat recovery. The powertrain model is enough flexible and simplified to suit in the future for 174 
an optimization study. The model flowchart is presented in the Figure 7: 175 
 176 
Figure 7 : Hybrid pneumatic engine model flowchart 177 
The three engine operating modes are represented in the engine bloc. The combustion and 178 
the pneumatic modes are described by maps. The pneumatic maps are results from 179 
simulations. These maps consider the kinematics of the air transfer through the engine, the 180 
charge valve timing and the exchanged heat between the pistons and the cylinder wall. They 181 
are the efficiency and COP evolution as a function of the air tank pressure and temperature 182 
and the torque usage. An example of pneumatic maps for small NA gasoline engine can be 183 
found in [6].  184 
The model uses a mode strategy to determine the optimal operating mode between pneumatic 185 
motor mode and combustion mode. The strategy is based on feasibility and stability 186 
conditions. If they are satisfied then the pneumatic mode is used. The feasibility conditions 187 
are related to the available compressed air in the tank. The stability condition is introduced to 188 
avoid the frequent transient between combustion and pneumatic modes. This can be modeled 189 
by an additional cost function ),( kkk uxg , including the fuel energy consumed and a special 190 
factor. The cost of the fuel consumption is compared with the energy contained in the fuel.  191 
∑∑ ≤ ),(*),( kkfuelkkk uxmLHVuxg (1) 192 
Using the pneumatic pump is always preferred over the disc brakes as long as it is feasible. 193 
The pump mode conditions are: 194 
0<sT (2) – deceleration condition 195 
max,tantan kk PP ≤ (3) - air tank saturation condition 196 
The model of the air tank computes the tank temperature and pressure from the air flow rate 197 
airm& and the enthalpy flow rate airh& . The following equations are used in the model: 198 
The pressure airP can be calculated with equation 6, which is the state equation for the perfect 199 
gas. 200 








=  (4) 201 
The temperature of the air airT is determined by the following differential equation, where the 202 
air volume is considered constant:  203 
- Energy balance of the tank int, *)(* φ+= hdt
dTTcm airairairvair & (5) 204 
The heat flow intφ between the air and the wall is determined by the equation 6.  205 
- Heat rate between the air and the inner wall )(*intint airwallcyl TTAh −=φ (6) 206 
The temperature wallT of the wall is determined by the equation 7, which puts a thermal 207 
inertia in the model.  208 
- Tank wall energy balance 
dt
dT
cm wallwallpwallext ** ,int =− φφ  (7) 209 
And finally the heat flux coming from the exterior the wall of the air tank is given by the 210 
equation 8.  211 
- Heat rate between air and outer tank wall )(** wallextcylextext TTAh −=φ  (8) 212 
The specific heat capacity of the wall is fixed. The mass of the wall mwall is calculated 213 
knowing its thickness and its volume and a density of the wall - 7800=wallρ kg/m3. 214 
airT , wallT , extT are respectively the air temperature inside the tank, the tank wall temperature 215 
and the ambient air temperature. airm and wallm are the mass of air inside the tank and the wall 216 
mass. airr is the specific gas constant, airpc , is the specific heat capacity of the air, airvc , is the 217 
volumetric heat capacity of the air. wallpc , is the specific heat capacity of the wall. inth is the 218 
heat transfer coefficient between the inner wall of the tank and the air inside the tank.  219 
The air tank is a stainless steel, and it is a cylinder with a radius 3 times smaller than its 220 
length. The air temperature in the tank is homogeneous. The admissible pressure is between 221 
barP 5min =  and barP 20max = . The admissible temperature is between 300k and 1000 K. These 222 
limits come from the ranges of the pneumatic pump and motor maps. The CVT chooses the 223 
optimal powertrain efficiency taking into account the combustion and the pneumatic modes. 224 
For combustion mode the selected gear ratio gives the minimal fuel consumption on the iso-225 
power. For pneumatic modes the selected ratio allows maximum charging for the air tank and 226 
the torque for the pneumatic motor.  227 
Table 1 sums the vehicle characteristics for simulation: 228 
Table 1 : C segment vehicle characteristics for simulation 229 
Sub-System  Characteristic  Value 
Vehicle  Nominal mass [kg] 1075 
Gear box CVT efficiency [-][18] 0.84  
 MGB efficiency [-] 0.95 
Engine Displacement [l] 1.2 
 Number of cylinder 3 
 Rated power [kW] 60 
 Max. speed [rpm] 6000 
 Max. Torque [Nm] 120 
 Idle speed [rpm] 950 
 Idle fuel consumption [l/h] 0.33 
 Deceleration Fuel cut- off Yes 
Fuel  Type Gasoline 
 Density [kg/l] 0.795 
 Lower heating value [MJ/kg] 42.7 
Pneumatic Motor  Minimum speed [rpm] 200 
and Pump Maximum speed [rpm] 3000 
Air tank  Volume [l] 50 
 Steel wall thickness [mm] 4 
 wallpc , [J/kgK] 5 
 inth [W/m²K] 5 
 outh  [W/m²K] 5 
 Minimum pressure [bar] 5 
 Maximum pressure [bar] 20 
 Initial pressure [bar] 4 
 Initial temperature [°C] 25 
Ambient air Temperature [°C] 25 
4. Results:  230 
At first the simulation model is run in conventional ICE mode. The results are illustrated in 231 
Table 2. 232 
Table 2 : Simulation results on NEDC for model calibration.  233 
C-Segment Vehicle Simulated 
Emissions CO2 [g/km] with MGB 103 
Emissions CO2 [g/km] with CVT 113 
 234 
In order to estimate how efficient the CVT is on the C- Segment vehicle the simulation is 235 
launched on the 1.2l NA engine. The results are presented in Table 2. The CVT efficiency is 236 
84% and the gear ratios are between 1.53 and 9.15. The consumption points have moved 237 
along its respective iso-power line, towards the optimal consumption point. Nonetheless the 238 
result shows an increase in emissions in comparison of the manual gear box. This can be 239 
explained by the lower efficiency of the CVT in comparison of the MGB, and because of the 240 
small size of the engine 1.2l, many of the consumption point with the manual gear box are 241 
already quite close to the optimal points. Thus the loss in transmission efficiency is greater 242 
that the gain on ICE efficiency.  243 
The described modes of the hybrid pneumatic engine are represented on the NEDC (Figure 8). 244 
The fuel is cut off in the idle phases. During the first seconds of the accelerations, the torque 245 
is delivered from the pneumatic mode of the engine, this means without fuel injections and 246 
just from the compressed air in the tank. The torque in the pneumatic motor mode can reach 247 
almost 40 Nm. The pneumatic motor mode is frequently used in the urban part of the NEDC. 248 
During the deceleration phases the engine is working in pump mode and the compressed air is 249 
stored in the air tank. The extra- urban part of the cycle requires higher torque to follow the 250 
high speed part of the cycle and the torque is provided totally from the internal combustion 251 
mode of the engine. The three deceleration phases in the end of the cycle contribute to charge 252 
the air tank with compressed air.  253 
 254 
Figure 8 : Hybrid pneumatic engine modes in NEDC, C- Segment vehicle, 1.2l NA engine, 255 
CVT mode 256 
The CO2 emissions on NEDC with hybrid pneumatic engine are 91 g/km (with CVT), which 257 
is representing a fuel consumption improvement of 20% in comparison with normal thermal 258 
powertrain.  From the analysis of Figure 8 one concludes that the hybrid pneumatic engine 259 
suits for urban drives, characterised by low speed demand and strong transient behaviour. On 260 
NEDC the hybrid pneumatic engine acts as mild hybrid system and can be considered as stop 261 
and start system. The deceleration energy during the urban drives (the first part of the cycle) is 262 
used to charge the air tank. The deceleration energy is converted into pneumatic and stored in 263 
the air tank. According to the mode strategy, related to the tank pressure level, the pneumatic 264 
motor mode is converting the pneumatic energy into acceleration energy.  265 
Around 30% of the kinetic deceleration energy is available to be used to pump the air in the 266 
tank. The difference between the total vehicle deceleration energy and the amount that is 267 
available as indicated deceleration energy in the pump is explained by several losses of the 268 
kinetic energy during deceleration. The losses are due to the aerodynamic and rolling 269 
resistance forces of the vehicle, to the transmission efficiency, the mechanical friction of the 270 
engine and the losses between the engine and the air tank.  271 
For NEDC the indicated deceleration energy available for the pneumatic pump mode is 272 
representing 30% of the total vehicle deceleration energy. The evolution of the deceleration 273 
through the vehicle powertrain is represented in the Figure 9.  274 
 275 
Figure 9 : Evolution of the deceleration energy from the vehicle to the air tank 276 
The losses of the deceleration energy are decomposed on the following diagram (Figure 10): 277 
 278 
Figure 10: Losses of the deceleration energy 279 
The losses due to the aerodynamic and rolling resistances of the vehicle are function of the 280 
speed and the change of speed. They are representing 37% and increase at high speeds. The 281 
losses due to the mechanical friction of the engine are high at low vehicle speed and represent 282 
for this case around 30%.  283 
The potential of the hybrid pneumatic engine is tested on urban drive. For that a special urban 284 
cycle is designed. The urban drive profile is obtained by randomly choosing from the three 285 
low speed parts of the WLTP cycle (from 0 to 600 s). The obtained speed profile is illustrated 286 
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Figure 8 : Urban drive profile 289 
Table 3: Urban cycle characteristics 290 
Distance [km] Duration [s] Avg. speed 
[km/h] 
Min acceleration  
[m/s²] 
Max acceleration [m/s²] 
8.5 1644 28.8 -1.5 1.7 
Figure 12 illustrates the hybrid pneumatic powertrain modes on urban drive. The tank 291 
pressure and temperature evolutions are shown in Figure 14. The urban drive starts with 292 
discharged air tank, only 4 bars pressure and during the first 50 seconds of the cycle the tank 293 
is charged till reaching 12 bars pressure. In this moment the first pneumatic motor mode is 294 
provided in the cycle. The power of the shaft reaches 11 kW. In the period of the cycle, 295 
between 200s and 600s the tank pressure increases progressively from 11 bars to 15 bars and 296 
the engine pneumatic mode acts in all idle and first acceleration phases, delivering maximal 297 
power of 24 kW on 240 seconds. Because of the lower initial pressure in the tank, the 298 
pumping mode starts after the first strong deceleration at around 50 seconds of time.  299 
  300 
Figure 9 : Torque repartition and fuel consumption, urban cycle 301 
 302 
Figure 10 : Tank pressure and temperature, urban cycle 303 
The transient behaviour of the urban cycle between acceleration and deceleration establishes a 304 
sequence (from 600 s to 1600 s) where the tank pressure during charging and discharging is 305 
oscillating between 14 bars and 18 bars. The pneumatic motor mode is used in all idle and 306 
first acceleration phases, covering speeds demands till 40 km/h. In the entire pneumatic motor 307 
mode the fuel is cut off. The conventional engine combustion mode is used to cover the rest 308 
of the energy demand by burning fuel. In the beginning of the cycle with the first pumping 309 
modes the pressure and the temperature in the tank grow up. The tank is not considered 310 
adiabatic and because the air is with high temperature (Figure 13) it needs to be insulated. 311 
When the tank is discharged during the pneumatic motor modes, with the decreasing pressure 312 
and the decreasing mass in the volume, the temperature in the tank also decreases. The air 313 
tank pressure and temperature are related by the ideal gas relation and the volume of the tank 314 
is considered remaining constant at 50 liters. The feasibility of the concept is related to the 315 
capacity to maintain the enthalpy (energy) in the tank and not to lose it through the walls. The 316 
simulation is done with a tank with fixed volume of 50 liters.  317 
Finally comparing the fuel emissions to those of the C-Segment vehicle equipped with purely 318 
thermal powertrain (Table 2), the HPE powertrain suits very well to urban drive, because the 319 
fuel consumption emissions are reduced with 47% to only 51 g CO2/ km (Table 4). On NEDC 320 
the HPE powertrain improvement of the CO2 emissions is 20% (Table 4).  The simulations are 321 
performed with CVT.  322 
Table 4: Fuel consumption simulation results  323 
C-Segment Vehicle Urban cycle  NEDC 
Emissions CO2 [g/km] with thermal powertrain 98 113 
Emissions CO2 [g/km] with HPE powertrain 51 91 
 324 
The significant improvement for the urban cycle is logical because the pneumatic storage 325 
systems have a high specific power and medium to low specific energy [2] (Figure 14). The 326 
HPP is a situated in the left high corner on the Ragone Diagram, similarly to the others 327 
mechanical storage systems.  328 
 329 
Figure 14: Specific power versus specific energy for various short-term energy storage 330 
systems [6] 331 
Their fast charge and discharge characteristics are thus suitable for the rapid accelerations and 332 
decelerations of the urban cycle. One can note that even with initial tank pressure of 4 bars, 333 
the quick succession of braking during the first 100 seconds of the cycle is enough to raise the 334 
pressure to 10 bars. This pressure level is sufficiently high to start using the engine in 335 
pneumatic motor mode. For NEDC similar behavior is observed for the urban part, for the 336 
extra urban section of NEDC the pneumatic motor mode is almost never used except of 337 
occasional power boosts. The highway braking is used to counter thermal losses and keep the 338 
tank pressure above 10 bars. The pumping mode is active during the deceleration phases.  339 
5. Conclusion: 340 
This article investigates the compressed air as innovative solution for mild hybridization of 341 
small gasoline engine. The article presents a concept on a C-Segment vehicle of a hybrid 342 
pneumatic powertrain designed as a combination of a conventional internal combustion 343 
engine and a short- term pressure storage system. This powertrain presents the advantage to 344 
use directly the shaft of the engine to transmit the pneumatic torque, generated from the 345 
pneumatic energy source – the compressed air tank. So no specific investment is needed in the 346 
powertrain devices, the HPE can be injected in the conventional torque transmission system. 347 
The HPE powertrain is simulated on different usages (NEDC and urban) and shows a 348 
promising efficiency improvement – 20 % to 50% (depending on the cycle) and particular low 349 
fuel consumption results for the urban usage – 51 g CO2 /km. The concept suits very well for 350 
urban usage. For the C- Segment vehicle class, the hybrid pneumatic powertrain presents an 351 
interesting economic alternative for hybridization to the hybrid electric vehicle.  352 
The presented model of hybrid pneumatic powertrain can be used in optimization studies for 353 
optimal mode control or for optimal pneumatic powertrain design. The model is applied on an 354 
energy integration study of the small scale organic rankine cycle on a C-Segment vehicle with 355 
small gasoline engine. The association of the hybrid pneumatic mode, whit a short term 356 
energy storage system and the waste heat recovery is interesting concept for energy recovery. 357 
The association of the two energy recovery technologies brings an additional fuel 358 
consumption benefits.  359 
Appendix 1: 360 
C-segment is a car size classification defined by the European Commission as the third-361 
smallest segment (above the A-segment and B-segment) in the European market. The C-362 
segment corresponds approximately to the Compact Car segment in North America and the 363 
Small Family Car in British English terminology [19]. 364 
Appendix 2:  365 
Hybrid- electric vehicles differ according to the degree of hybridization of the powertrain 366 
(Figure 3), and the battery capacity. The solutions are classified according to the functional 367 
classification in Figure 1.  368 
 369 
Figure 2.1: Functional classification of HEVs in term of degree of hybridization and battery 370 
capacity [6] 371 
Depending of their physical configuration, hybrids can be classified in terms of degree of 372 
hybridization [6] 373 
The simplest (parallel) hybridization is the so-called micro hybrid concept, with is essentially 374 
an ICE-based powertrain with a small electric motor. Micro hybrids do not required a high 375 
battery capacity or complex power electronics, if there are just stop and start. The motor may 376 
also act as an alternator for the electrical loads, thus is sometimes referred to as an integrated 377 
starter-generator (ISG) [6].   378 
Full hybrids allow all the modes of operation, including power assist, energy recuperation, 379 
and purely electric operation. Therefore, they need higher electric power levels leading to the 380 
use of high-voltage systems and complex power electronics. The consequent relevant size and 381 
weight of the electric components often poses some integration constraints [6]. 382 
Mild hybrids are intermediate, where the size of the electric powertrain is such to allow 383 
engine boosting and energy recuperation to some extent, but not purely electric driving. There 384 
are not well-defined frontiers between these types of HEVs. A more continuous classification 385 
is obtained by defining the degree of hybridization, as the ratio between the electric power 386 








The reduction of energy consumption, but also the additional cost associated with the 388 
hybridization, both increase with the degree of hybridization [6].  389 
Two types of HEVs are characterized by a relatively large energy storage system. These 390 
HEVs have a larger capability of ZEV operation, with a purely electric range that is similar to 391 
that of battery-electric vehicles. In plug-in hybrids the battery can be recharged from the grid, 392 
like in BEVs. During driving, the battery can be discharged until a lower limit for battery 393 
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